The enthalpies of bond dissociations of the hydroxyl groups, the energy of the highest occupied molecular orbitals and the corresponding radicals spin densities of all possible ten isomeric mono-hydroxyl flavones are calculated by means of 3-parameter Becke, Lee, Yang and Parr functional. The structural factors affecting these descriptors of radical-scavenging activity are outlined. The results obtained show that the hydroxyl groups in ring A and C are more involved in the process of a radical-capturing than recently believed.
Introduction
Flavonoids are among the most widely studied groups of organic compounds [1] . The reason for the great interest is their antioxidant activity [2] and the various biological actions related with that [3] . Flavonoids have continuously been studied in the recent years for therapeutic activity against the most widespread diseases in the world-cardiovascular diseases, cancer, etc. [4] .
Many structural studies of various compounds from this group have been published lately [5] [6] [7] . Increasingly sophisticated quantum-chemical methods and high orbital bases are used in them. The aim of these structural studies is to find appropriate correlations between structure and activity that explain the biochemical mechanisms of action of the test substances and rationalize the synthesis of new pharmacologically interesting compounds [8] [9] [10] .
Since the biological activity of flavonoids is associated with the antioxidant activity, the structural studies are primarily focused on the ability of flavonoids to react with active radicals according to the reaction:
Fla-O-H R Fla-O R-H + ⋅ → ⋅ +
As showed in Figure 1 , the flavones are a type of flavonoids with conjugated π-electron system spread accross the whole molecule, which is an important structural feature for the radical-scavenging activity. So far, only natural flavones which usually possess two or more functional groups have been investigated. In these cases, it is difficult to determine what the impact of the various structural factors on the O-H bond dissociation enthalpy (BDE) and the ability of molecules to react with radicals is.
In this study, we will stress on the effect of the position of the hydroxyl group in mono-hydroxy flavones on its ability to react with radicals. For this purpose the descriptors associated with the ability of flavones to donate a hydrogen atom are calculated-BDE [11] , the energy of the highest occupied molecular orbital (E HOMO ) [12] , as well as the stability of the radicals obtained in the course of reaction-maximum spin density (MSD). The last descriptor (MSD) assesses the conversion degree [13] of the reaction between a radical-scavenger and an active radical. BDE describes the ability of a radical-scavenger to enter in a bimolecular homolytic reaction, while E HOMO predicts the rate of reaction determined by electron donation ability. All ten isomeric mono-hydroxyl flavones will be investigated.
Computational Details
The calculations were carried out using the DFT, as implemented in the Gaussian09 program package [14] . The optimization of the geometry was performed with the Becke 3-parameter hybrid exchange functional combined with the Lee-Yang-Parr correlation functional (B3LYP) with the standard 6-31G(d,p) basis set [15] . The optimization was achieved without any geometry constraints. For all structures the harmonic vibrational frequencies were computed to confirm the true minima on the calculated potential surface.
The use of the 6-31G(d,p) orbital basis is a reasonable compromise between accuracy and computational cost for the set of investigated molecules and the corresponding radicals. This basis has been previously used for calculations of radical-scavenging activity descriptors [16] . Some of results are confirmed experimentally [17] .
All possible intra-molecular interactions were taken into account in the initial geometries.
Solvent effects on the calculated structures were investigated with the self-consistent reaction filed (SCRF) method, via the polarized continuum method (PCM) [18] . Full geometry optimization in water (ε = 78.3553) was performed at the same level of theory as in the gas phase.
BDE was calculated as a difference in total enthalpy of the corresponding radical (formed after H abstraction), hydrogen atom and the flavone, according to:
where H denotes the enthalpies of the investigated radicals, compounds and hydrogen.
Results and Discussion
In the first part of our investigation [19] we found that BDE of the O-H groups in mono-hydroxyl flavones in vacuum changes in the following order: 2' < 8 < 6 < 4' < 3 < 5' < 3' < 7 < 6' < 5. As mentioned above, the BDE is calculated as a difference in the enthalpy of the radical and the hydrogen atom on the one hand and the corresponding flavone on the other. Consequently, all structural features which stabilize the flavones and destabilize the corresponding radicals give rise to an increase of BDE and vice versa. Therefore, the internal molecular factors for that order of the O-H BDE series are two:
• Transfer of electron density from the hydroxyl groups to the carbonyl oxygen depends on the position of the hydroxyl group. This determines the differences in the stability of various flavones. It is easy to realize that the mono-hydroxyl flavones with hydroxyl group at 5, 7, 2', 4' and 6' position have better delocalization and are more stable. Hence the O-H BDE must be greater therein.
• The second reason for the enhancement of O-H BDE is the intra-molecular hydrogen bond with the hydroxyl group hydrogen. It stabilizes additionally the flavones but is missing in the radicals. An intra-molecular electrostatic interaction engaging the O-H group oxygen causes the decrease of BDE.
Let us now see how the strength of the O-H bonds depends on the intra-molecular factors ( Table 1) .
Although the hydroxyl group at position 3 is not of phenolic type, it has the lowest BDE in solvent. In vacuum the BDE of this group is by 2 kcal/mol higher than that of the hydroxyl group with the lowest BDE (2'-isomer). The reason for the low BDE is in the electrostatic interaction between the oxygen of the hydroxyl group and the hydrogen at the 2' position which stabilizes both the flavone and the radical. The polarizing effect of water stabilizes 3-hydroxy flavone by 5.020 kcal/mol and the corresponding radical by 8.158 kcal/mol. As a result BDE decreases by 3.211 kcal/mol. The radical is strictly flat and more polarizable than the molecule.
The next lowest is the BDE of the hydroxyl group at site 8 in ring A. This position does not allow an effective hydroxyl-to-carbonyl electron density delocalization. Moreover, the hydrogen of the hydroxyl group does not form a strong stabilizing hydrogen bond with the oxygen at position 1. Here, the decrease in the BDE in PCM is only 0.503 kcal/mol. It is noteworthy that the radicals obtained after hydrogen atom abstraction from 8-hydroxy flavone is flat unlike the molecule. At 1.394 kcal/mol from the lowest BDE is that of the hydroxyl group located at position 2'. The water media decreases the BDE by 0.274 kcal/mol. The place of this hydroxyl group in the BDE row in vacuum and PCM is determined by the stabilization of the radicals through electrostatic interaction between the oxygen of the hydroxyl group and the hydrogen in position 3.
The 4th place in the BDE row belongs to the hydroxyl group located at position 6 in ring A, which is on the third place in vacuum. Water environment lowers the BDE value by 0.587 kcal/mol. The place in the first part of the row is due to the high enthalpy of the flavone. In vacuum, this isomer is one of the three flavones with highest enthalpies.
OPEN ACCESS CC
At the 5th place in the BDE row is the hydroxyl group located at the position 4'. This group, in conjunction with a hydroxyl group at position 3' is connected with antioxidant activity of flavonoids [5, 7, 17, 20] . Stabilization in PCM is negligible. This group is not so prone to homolytic dissociation. This means that the presence of two adjacent hydroxyl groups and easy formation of ortho-quinones is the real cause of the high antioxidant activity, i.e. or the reaction proceeds via electron transfer, as we will see below.
The BDEs of the remaining three hydroxyl groups in ring B: 6', 3' and 5' come next in this order in solvent (in vacuum the order is different). In fact only the position 6' of the following three mono-hydroxy flavones may provide stability at the expense of efficient conjugation of the hydroxyl group to the carbonyl group. Тhe hydrogen bond forming 6-membered ring with the oxygen at position 1 increases the BDE.
The next value of BDE belongs to the hydroxyl group located at position 7. This proves clearly that the withdrawal of the electronic density from the hydroxyl group to the carbonyl oxygen increases the BDE of the hydroxyl group. The increase in BDE in the presence of water/polar environment is 1.358 kcal/mol because the stabilization of the flavone is better than in the radical.
The hydroxyl group located at position 5 has the largest BDE. The two important factors stabilizing monohydroxyl flavones operate here: stabilization through delocalization and stabilization by intra-molecular hydrogen bonding. Obviously, the second factor is more important because the BDE of this hydroxyl group is significantly larger than the previous one and all the rest. This hydrogen bond is very strong. The distance between the hydroxyl hydrogen and the carbonyl oxygen is only 1.682 Å.
Significant reduction of BDE in polar medium was found in two isomers: 3-and 5-hydroxyflavone. These are the mono-hydroxyl flavones in which the hydroxyl groups participate in intra-molecular hydrogen bonds forming 5-membered rings. In the other compounds the change of BDEs is either negligible or negative due to better stabilization of the radicals than the hydroxyflavone.
In some mono-hydroxyl flavones BDEs increase in water. The increase is most prominent in 7-hydroxy flavone. Table 2 comprises two other descriptors of the investigated compounds that may be associated with the radical-scavenging activity of the tested compounds.
Between MSD and BDE, however there is a significant linear correlation (BDE = 0.2865MSD + 0.0173) within the confidence interval of 99% for the results taking into account the polarising effect of the water (R = 0.818 at R critical value = 0.765 for 8 degree of freedom) [21] . The increase of MSD increases BDE. It is a quite natural conclusion confirming the above rule: isomers with more stable radicals have lower BDE. E HOMO shows the tendency of the compound to donate electrons. It appears that the reactivity decreases in the following order:
1) in vacuum: 3-ОН < 5-ОН < 6-ОН < 4'-ОН < 2'-ОН < 8-ОН < 5'-ОН < 6'-ОН < 7-ОН < 3'-ОН, 2) in water: 3-ОН < 4'-ОН < 6-ОН < 5-ОН < 2'-ОН < 8-ОН < 6'-ОН < 5'-ОН < 3'-ОН < 7-ОН.
Comparison between E HOMO and BDE is not entirely correct since the first one is a microscopic characteristic and the second is a macroscopic. The main contribution to the enthalpy of the states, however, comes from the electronic energy and that allows us to make a qualitative argument. A comparison of these two descriptors for each compound indicates that the energy of electron separation is significantly higher than the energy for the separation of hydrogen even in water medium. This means that the separation of an electron from hydroxy flavone requires a preliminary deprotonation of the hydroxyl group. It is always easier to take an electron from conjugate bases than from the corresponding conjugate acids. In this study, however, we have not included the corresponding anions. The row of reduction of reactivity of the mono-hydroxy flavones optimized in vacuum and ordered by E HOMO differs significantly from the above BDE row. Therefore, the intra-molecular structural factors which regulate the ability of mono-hydroxy flavones to donate H-atom do not determine the ability of the compounds to lose electrons.
The row of increasing of E HOMO in water is more interesting because the reactions passing through an electron transfer can be realized mainly in polar medium. On the other hand, the deprotonation of phenolic hydroxyl groups is possible only in water.
3-hydroxy flavone is again the most active in the water environment followed by 4'-isomer. This result coincides completely with the view in the literature that biologically active flavonoids possess hydroxyl groups of 3 and 4'-positions [5, 20, 22, 23] . Consequently that is the case when assessing radical-scavenging activity passing through an electron transfer followed by a proton transfer mechanism. The findings of the authors show that this is the mechanism in which flavonoids react with active radicals.
Conclusions
Factors of BDE increase in mono-hydroxy are: 1) stabilization of hydroxy flavones through electron density transfer from the hydroxyl group towards the carbonyl group at position 4; or 2) through intra-molecular hydrogen bonds with the hydrogen from the hydroxyl group; 3) BDE decreases in the isomers having electrostatic interaction between the oxygen from the hydroxyl group and a hydrogen from the adjacent ring, because the resulting radical is stabilized.
The results obtained for E HOMO show that flavones could participate in reactions whose rate is controlled by the separation of an electron only after deprotonation of the phenolic hydroxyl groups.
